To examine whether catecholamines have a direct effect on myosin heavy chain expression of heart myocytes or whether they act via an altered work load, myocytes from neonatal rat hearts were cultured in thyroid hormone-free media containing various positive inotropic and chronotropic agents. The velocity and frequency of contraction of the myocytes were monitored using an optoelectronic system. After 3-5 days of culture, myosin isozyme populations, cellular cAMP content, and 2-deoxy-D-glucose uptake of the myocytes were determined. Compared with myocytes cultured in the absence of inotropic agents (32.6+3.5% V1), the proportion of myosin V1 was significantly (p<0.05) increased in the case of 1 ,uM isoproterenol (48.2±5.9%Y7 V1), 1 ,uM forskolin (57.1±11.7% V1), and 1 mM dibutyryl cAMP (79.1±2.0% Vj). Dibutyryl cAMP increased V1 to a similar level as 30 nM triiodothyronine did (70.2+13.0%o V1). Only a small increase was observed in myocytes cultured in the presence of 10 ,M phenylephrine (40.4+8.4% V1), 10 ,uM ouabain (40.6±11.9%o V1), or 10 pM Bay K 8644 (40.7±11.7% V1). The agents with a marked effect on myosin heavy chain expression resulted in a higher cAMP content; isoproterenol and forskolin also stimulated 2-deoxy-D-glucose uptake. All agents resulted in a higher velocity of contraction; with the exception of ouabain, frequency of contraction was also increased. A change in Ca2' concentration in the medium from 1.3 to 2.4 mM resulted in a small increase in V1 (40.7+5.2% V1) but had the same effect on contraction velocity as dibutyryl cAMP did. Furthermore, 10 nM isoproterenol also increased V1 in myocytes that were arrested with 10 ,uM verapamil. The increase in V1 in the case of dibutyryl cAMP, isoproterenol, and forskolin is thus most probably not a correlate of the increased mechanical activity but of the high cellular cAMP content. (Circulation Research 1991;68:1164-1173 M yosin from rat ventricles occurs in three isoforms that differ in heavy chain (MHC) composition. The isozymes V1 and V3 are aa-MHC and 8,8/-MHC homodimers, and the isozyme V2 is an a/3-MHC heterodimer.12 Two genes encoding for a-MHC and ,B-MHC exist, and the redistribution of the myosin isozyme population has been traced to an altered gene expression.3-5 The nature of the signals leading to the expression of the a-MHC or f3-MHC gene is, however, unclear. At present, it is only well documented that thyroid hormones can affect MHC expression. Hypothyroidism caused by thyroidectomy or pharmacological treatment resulted in a reduced a-MHC and an increased f3-MHC expression; after injection of thy-From the Institute of Physiology II (H.R.), University of Tubingen, Tubingen, and Medical Clinic I
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To examine whether catecholamines have a direct effect on myosin heavy chain expression of heart myocytes or whether they act via an altered work load, myocytes from neonatal rat hearts were cultured in thyroid hormone-free media containing various positive inotropic and chronotropic agents. The velocity and frequency of contraction of the myocytes were monitored using an optoelectronic system. After 3-5 days of culture, myosin isozyme populations, cellular cAMP content, and 2-deoxy-D-glucose uptake of the myocytes were determined. Compared with myocytes cultured in the absence of inotropic agents (32.6+3.5% V1), the proportion of myosin V1 was significantly (p<0.05) increased in the case of 1 ,uM isoproterenol (48.2±5.9%Y7 V1), 1 ,uM forskolin (57.1±11.7% V1), and 1 mM dibutyryl cAMP (79.1±2.0% Vj). Dibutyryl cAMP increased V1 to a similar level as 30 nM triiodothyronine did (70.2+13.0%o V1). Only a small increase was observed in myocytes cultured in the presence of 10 ,M phenylephrine (40.4+8.4% V1), 10 ,uM ouabain (40.6±11.9%o V1), or 10 pM Bay K 8644 (40.7±11.7% V1). The agents with a marked effect on myosin heavy chain expression resulted in a higher cAMP content; isoproterenol and forskolin also stimulated 2-deoxy-D-glucose uptake. All agents resulted in a higher velocity of contraction; with the exception of ouabain, frequency of contraction was also increased. A change in Ca2' concentration in the medium from 1.3 to 2.4 mM resulted in a small increase in V1 (40.7+5.2% V1) but had the same effect on contraction velocity as dibutyryl cAMP did. Furthermore, 10 nM isoproterenol also increased V1 in myocytes that were arrested with 10 ,uM verapamil. The increase in V1 in the case of dibutyryl cAMP, isoproterenol, and forskolin is thus most probably not a correlate of the increased mechanical activity but of the high cellular cAMP content. (Circulation Research 1991;68:1164-1173) M yosin from rat ventricles occurs in three isoforms that differ in heavy chain (MHC) composition. The isozymes V1 and V3 are aa-MHC and 8,8/-MHC homodimers, and the isozyme V2 is an a/3-MHC heterodimer. 12 Two genes encoding for a-MHC and ,B-MHC exist, and the redistribution of the myosin isozyme population has been traced to an altered gene expression. [3] [4] [5] The nature of the signals leading to the expression of the a-MHC or f3-MHC gene is, however, unclear. At present, it is only well documented that thyroid hormones can affect MHC expression. Hypothyroidism caused by thyroidectomy or pharmacological treatment resulted in a reduced a-MHC and an increased f3-MHC expression; after injection of thy-roid hormones, opposite changes in MHC expression were observed.13,4 An altered thyroid status cannot account in all cases for a switch in MHC expression. In pressure overload of the heart,6-8 swimming exercise,9 or intermittent fasting,10'1' the redistribution of the myosin isozymes could not be attributed solely to altered circulating thyroid hormones. Among other signals, catecholamines seem to be important for the expression of a-MHC. The proportion of V, was increased after injection of adrenergic agonists12-14 and after swimming exercise, which is associated with a high adrenergic drive.9.'5 Chemical sympathec-tomy9 and 13-adrenergic blockade9'6'17 resulted in a reduced Vp. However, the in vivo studies do not permit conclusions on the cellular signals involved in MHC expression. Catecholamines could act either directly on the heart myocyte or indirectly via an altered work load. For further progress, studies of myocytes in culture with a defined influence of catecholamines and a defined mechanical activity are required. It is well documented that thyroid hormones affect MHC expression in cell culture essentially as in the intact rat. [18] [19] [20] [21] The possible effect of catecholamines remained controversial. When rat heart myocytes were cultured in the presence of various adrenergic agonists, no significant effect on MHC mRNA was observed. 21 Recently, it was reported that forskolin, cholera toxin, and 8-bromo-cAMP22 or dibutyryl cAMP23 increase a-MHC mRNA synthesis, whereas ,B-MHC mRNA was not changed. Norepinephrine was shown to increase B-MHC mRNA expression, and the a-MHC mRNA was unchanged; when the a-adrenergic receptor effect of norepinephrine was blocked using terazosin, a-MHC mRNA expression was not increased,24 suggesting that /3-adrenergic stimulation did not induce an increased a-MHC mRNA expression.
In view of the evidence that catecholamines can increase the proportion of V1 in vivo, it was considered important to examine in cell culture the effect of positive inotropic and chronotropic agents on myosin expression at the protein level also.25 Because in previous studies the mechanical activity of the myocytes was either not monitored22,23 or the myocytes were quiescent with a1-adrenergic stimulation,24 the mechanical performance of the myocytes was determined using an optoelectronic system. Myocytes from neonatal rat heart were cultured in the presence of the ,B-adrenergic agonist isoproterenol, forskolin, or dibutyryl cAMP, which were expected to increase cellular cAMP and to promote Ca2+ entry into the cell. 26 To decide whether high cAMP levels are required for a switch in MHC expression, the myocytes were cultured also in the presence of the a-adrenergic agonist phenylephrine, ouabain, or the Ca21 channel activator Bay K 8644, which are known to promote Ca2+ entry without affecting cellular cAMP. 26 The differential effect of the various agents on cAMP was verified by measuring cAMP levels in the cultured myocytes. For examining whether a switch in MHC expression requires an altered mechanical activity, contraction velocity and frequency of spontaneous contraction of the myocytes were determined. To compare the effect of catecholamines in cultured myocytes with their action in the intact heart, rats were injected with high doses of isoproterenol or dobutamine.
Materials and Methods
Fetal calf serum, horse serum, CMRL-1415-ATM medium, and collagenase (Worthington, CLS II) were purchased from Biochrom, Berlin, FRG; bovine insulin (24-25 IU/mg), dexamethasone, 3,3',5-triiodo-DL-thyronine (T3), (-)-isoproterenol, forskolin, dibutyryl cAMP, and DL-propranolol were from Sigma, Taufkirchen, FRG; L-phenylephrine, bovine serum albumin, and trypsin (1: 250) were from Serva, Heidelberg, FRG; 2-deoxy-D-(1-3H)-glucose (11) (12) (13) (14) (15) (16) (17) Ci/mmol) and the (3 H)-cAMP radioassay kit were from Amersham-Buchler, Braunschweig, FRG; aluminum oxide (W 200 neutral for column chromatography) was from ICN Pharmaceutical, Eschwege, FRG. Prazosin was provided by Pfizer, Karlsruhe, FRG; Bay K 8644 by Bayer, Leverkusen, FRG; verapamil by Knoll, Ludwigshafen, FRG; dobutamine by Eli Lilly, Giessen, FRG; and gentamicin by Byk-Essex, Munich. All other reagents used in the experiments were of analytical grade and were purchased from Merck, Darmstadt, FRG, or Boehringer, Mannheim, FRG. The plastic culture flasks were purchased from Nunclon, Roskilde, Denmark.
Preparation and cultivation of monolayer cultures of spontaneously contracting rat heart myocytes were carried out essentially as described previously. 27 Briefly, hearts of 1-3-day-old Sprague-Dawley rats (Ivanovas, Kissleg, FRG) were removed and placed in salt solution under sterile conditions. The hearts were cut into small fragments and disaggregated at 37°C by repeated incubation in trypsin (0.12%)collagenase (0.03%)-salt solution (Ca2+ and Mg2+ free). Muscle cells were separated from nonmuscle cells by the differential attachment technique28 and placed in 25-cm2 plastic culture flasks (1.0-1.5x 10' cells/cm2); the fraction of beating myocytes was greater than 75%. The cells were incubated in CMRL-1415-ATM medium containing 10% fetal calf serum, 10% horse serum, and 0.02 mg/ml gentamicin. After 36 hours of growth, the monolayer culture of the spontaneously contracting cells was incubated in serum-free CMRL-1415 -ATM medium containing 0.1 ,uM dexamethasone, 5 ,uM insulin, 0.4 ,uM ironsaturated transferrin, and 0.4 ,uM bovine serum albumin. In addition, T3 or various positive inotropic agents were present. To study the effect of contraction on myosin expression, myocytes were arrested with 10 ,uM verapamil or 50 mM KCI. 29 The myocytes were cultured for 4-5 days with daily medium changes.
To estimate the inotropic and chronotropic effects of the various drugs, the contraction velocity and frequency of contraction were determined. 27 The contracting myocytes forming an attached monolayer in the perfusion chamber were observed through an inverted phase-contrast microscope, recorded by a TV camera, and displayed on a monitor. The light intensity changes caused by contraction of the myocytes were recorded by a photocell attached to the monitor screen in the surroundings of the myocyte wall. The contraction amplitude, contraction velocity, and contraction frequency were determined from the output of the photomultiplier. The solutions for the superfusion (4 ml/min, 37°C) of the myocytes were exchanged within 2-3 minutes. The contraction velocity was determined in CMRL-1415-ATM medium containing 0.6 mM Ca2+ shortly after 36 hours of culture in the serum-containing medium and represents the initial response of the myocytes to the agents. For standardization of the effect of isoproterenol, forskolin, phenylephrine, ouabain, and Bay K 8644, the agents were washed out and the cells were superfused within the last 5 minutes of an experiment with 2.4 mM Ca2+, and the corresponding contraction velocity was arbitrarily set at 100%. Because of the sustained effect of dibutyryl cAMP despite washout, the measurement at 2.4 mM Ca 2 preceded the addition of dibutyryl cAMP. The contraction velocities represent the average of at least five contractions recorded within 2 minutes after reaching the maximum response. During the measurement of contraction velocity, the myocytes were electrically stimulated with 120-150 beats/min. The frequency of spontaneous contraction of myocytes was determined 1 day before the addition of the agents and 1, 2, and 3 days after the addition of the agents; at least five contractions were determined for a myocyte.
Pyrophosphate gel electrophoresis1 was carried out in a Desaphor VA 200 vertical electrophoresis unit (Desaga, Heidelberg, FRG) essentially as described previously.30 Myosin was extracted from 4-6 mg (fresh weight) myocytes, and the myosin was separated on a slab gel. The electrophoresis buffer was 20 mM Na4P207 containing 10% (vol/vol) glycerol, pH 8.8. The gel contained 3.8% acrylamide and 0.12% N,N'-methylene-bis-acrylamide in electrophoresis buffer. Myosin was extracted from the sedimented myocytes at 0°C by agitation (30 minutes) with 1.5 vol (vol/wt) of 40 mM Na4P207, 1 mM 1,4-dithioerythritol, 5 mM EGTA, pH 8.8. The samples were centrifuged at 2,500g (20 minutes, 2°C), the supernatant was diluted 1:3 (vol/vol) with ice-cold glycerol, and 4 ,ul was loaded on the gel. The electrophoresis was carried out at 2 V/cm for 30 minutes and at 10 V/cm for 23-24 hours. Gels were stained with Coomassie blue at 70°C for 2 hours and were destained by diffusion with 7% acetic acid. The isozyme populations were quantified from densitometric tracings recorded with a Quick Scan densitometer (Helena Laboratories, Beaumont, Tex.).
For measurement of cAMP levels of heart myocytes, cells were lysed by the addition of 1 ml 5% trichloroacetic acid for 1 hour at 0°C, and the samples were adjusted to pH 7.0 with 2 M NaOH. 31 The cAMP was concentrated by sequential chromatography32 and lyophylization; a (3H)-cAMP kit was used for the assay. For measuring the 2-deoxy-D-glucose uptake, cells were washed in glucose-free salt solution and incubated for 10 minutes in a medium containing 0.1 mM 2-deoxy-D-glucose and tracer amounts (106 cpm) of 2-deoxy-D-(1-3H)-glucose. Washing procedures, lysis of the cells, determination of the cellular radioactivity, and measurement of the cell protein according to Lowry33 have been described.27
Sprague-Dawley rats (12 weeks old) were injected subcutaneously twice daily 5-6 hours apart with isoproterenol (0.5 mg/kg body wt) or dobutamine (50 mg/kg body wt). The drugs were dissolved in saline. To estimate the duration of the chronotropic effect of isoproterenol and dobutamine, heart rates were determined in conscious rats. The floor of a regular cage (20x40 cm) was covered with a 1.0-cm-thick plastic material that was covered by stainless steel plates (three rows of four plates; plate size, 5 x 5 cm; plate-to-plate distance, 0.5 cm). Two plates that were in contact with the rats' feet were chosen via a switchboard and connected to the high impedance differential amplifier of a storage oscilloscope (Tektronix 5113; Tektronix Ltd., Marlow, UK). By using the R waves of the electrocardiogram, the heart rates were calculated (five measurements, each for 5 seconds). After 3 weeks of treatment, the rats were killed by decapitation and the myosin isozyme populations were determined as given for the heart myocytes with the exception that the 10-20-mg portions of left ventricles were extracted with 3 vol (vol/wt) of the extraction buffer and the supernatant was diluted 1:10 (vol/vol) with glycerol.
For statistical comparisons of experimental data,34 the normality of distributions was verified by the Kolmogoroff-Smirnoff one-sample test and equality of variances by Cochran's C test. The contraction velocities and frequencies, the myosin isozyme populations, the 2-deoxy-D-glucose uptake values, and the heart rates were compared by one-way analysis of variance and Fisher's least significant difference multiple range test. The cAMP contents were compared after a Box-Cox transformation, which resulted in equal variances (STATGRAPHICS statistical package, STSC Inc., Rockville, Md.). The two-tailed pairedsample t test was used for comparing the time course of an increase in the proportion of V, of arrested myocytes. Values are mean+SD. Statistical significance was assumed at p<0.05.
Results

Myosin Populations of Contracting Myocytes
Myocytes were prepared from neonatal rat hearts and cultured in a serum-containing medium. After 36 hours, the medium was exchanged against a serumfree medium that contained various positive inotropic and chronotropic agents. To show that the myocytes responded in a manner equivalent to that of intact heart, the contraction velocity and the frequency of contraction were determined using an optoelectronic system. For the example of 1 mM dibutyryl cAMP, representative recordings are shown in Figure 1 . After superfusion of a myocyte with dibutyryl cAMP, the contraction velocity and the contraction frequency increased, reaching a maximum value after 10 minutes. The other agents resulted in a maximum after only 5-7 minutes.
The contraction velocity was determined after the serum-containing medium was replaced with the serum-free medium, before changes in myosin isozyme population occurred. To exclude the illdefined effect of contraction frequency on velocity of contraction, the myocytes were driven electrically with a defined rate during the determination of the contraction velocity. Because only one agent was tested in a given myocyte, the mechanical response was standardized by measuring the effect of a 2. was not electrically driven.
thme (mnn) agents resulted in 61 % of the maximum response seen at 2.4 mM Ca>2 (Figure 2 ). An increase in contraction velocity was observed for 1 jiM isoproterenol, 1 jM forskolin, 1 mM dibutyryl cAMP, 10 ,aM phenylephrine, 10 ,uM ouabain, and 10 ,uM Bay K 8644 ( Figure 2 ). The effect of the agents was not significantly different from that of 2.4 mM Ca>.
To monitor the chronotropic effect of the various agents, the frequency of spontaneous contraction was determined. After 1 day, the contraction frequency was significantly increased in myocytes cultured in the presence of 1 jM isoproterenol, 1 pM forskolin (For, n =6), 1 mM dibutyryl cAMP (AMP, n-6), 10 jiMphenylephrine (Phe, n-5) in the presence of the /3-adrenergic blocking drug propranolol (0.1 pM), 10 pM ouabain (Oua, n 10), or 10 iM Bay K 8644 (BayK, n =4) on contraction velocity of rat heart myocytes. The mean contraction velocity at the beginning of an exvperiment (0.6 mM Ca2, Con) and the maximum value after addition of a given agent was expressed as a percentage of the response of the same myocyte to 2.4 mM Ca2+, corresponding to 100%; the contraction velocities at 0.6 mM Ca> were not significantly different in the various groups. The myocytes were electrically driven (120-150 contractions/min; extemal stimulation 100 V pulse duration 5 msec). Statistical comparisons were made between contraction velocities in the presence or absence of a given agent; n, number of experiments; for each experiment six to nine myocytes were studied. *p<Q 05. or 1 mM dibutyryl cAMP ( Figure 3B ). After 2 and 3 days, 10 ,uM phenylephrine and 10 ,iM Bay K 8644 also resulted in a significant increase of contraction frequency ( Figures 3C and 3D) .
After the myocytes were cultured in synthetic medium for 4-5 days, the myosin isozyme populations were determined by pyrophosphate gel electrophoresis ( Figure 4 ). In the absence of the agents, the proportion of myosin V, was not significantly different compared with whole hearts (Table 1) . To demonstrate that the myocytes responded to an established signal for a switch in MHC expression, they were cultured in the presence of 30 nM T3, which resulted in a marked increase in V, (Table 1 ).
The effect of the positive inotropic and chronotropic agents was studied at 1.3 mM Ca' in the absence of added T3. The changes in MHC expression were judged from the isozyme population (Table 2 ) and from the proportion of a-MHC (Figure 4 ), which was calculated using the formula %ca-MHC-%VI+ (%V2)/2. When the heart myocytes were cultured in the presence of 1 jiM isoproterenol, the proportion of a-MHC increased and the proportion of V3 decreased. Forskolin (1 jiM) resulted in an increase in a-MHC and a decrease in V3, which was not significantly different from that of isoproterenol. To provide a maximum stimulus involving cAMP, the myocytes were cultured in the presence of 1 mM dibutyryl cAMP. The proportion of a-MHC was significantly higher and V3 was significantly lower than in the case of isoproterenol or forskolin. It is noteworthy that the myosin isozymes of myocytes cultured in the presence of 1 mM dibutyryl cAMP or 30 nM T3 did not differ significantly. Compared with forskolin or dibutyryl cAMP, 10 jM phenylephrine resulted in a significantly smaller increase in a-MHC and a smaller decrease of V3. Ouabain (10 gM) and 10 jiM Bay K 8644 increased c-MHC and decreased V3 comparable to phenylephrine. A similar change in myosin population was observed when the Ca> concentration in the medium was increased from 1.3 to 2.4 mM (Table 1) .
To examine the formation of the homodimers V1 and V3 and of the heterodimer V2, the isozymes propranolol, 10 The hearts of 1-3-day-old rats, which were used for preparation of myocytes, exhibited a smaller proportion of V2 compared with ventricles of old rats of the same a-MHC content. Myocytes cultured for [4] [5] days in synthetic medium also exhibited a small proportion of V2. Although V, increased in myocytes cultured in the presence of 1 gM isoproterenol ( Figure 5 ), or 0.1 u.M or 10 nM isoproterenol (not shown), the small V2 was maintained. A small V2 was observed also for myocytes cultured in the presence of 1 pM forskolin if V3 was greater than approximately 15% ( Figure 5 ). To define the signals involved in the increased a-MHC expression, cellular cAMP levels were determined in myocytes after 1 and 3 days of culture. As expected, cellular cAMP was increased after 1 day in myocytes cultured in the presence of isoproterenol, forskolin, or dibutyryl cAMP (not shown). It is noteworthy that after 3 days, cellular cAMP was still higher than in control myocytes and myocytes cultured in the presence of phenylephrine, ouabain, or (Table 3) . Thus, those agents that increased cellular cAMP also increased a-MHC expression.
To get information on the metabolic activity of the myocytes during the inotropic and chronotropic stimulation, 2-deoxy-D-glucose uptake was determined. The myocytes were cultured in the presence of 10 mM glucose and a high concentration (5 ,uM) of insulin to prevent substrate supply from becoming a limiting factor. After 3 days of culture, glucose uptake was significantly increased in the case of isoproterenol or forskolin (Table 3 ). For dibutyryl cAMP the increase was smaller and not statistically significant. The rate of glucose uptake was not altered by phenylephrine, ouabain, or Bay K 8644.
Myosin Populations ofArrested Myocytes
To examine whether the increase in V1 required a mechanical activity, myocytes were cultured in the presence of 10 nM isoproterenol and 10 ,uM verapamil for up to 4 days. After replacing the serumcontaining medium with the synthetic medium containing verapamil, the contraction of the myocytes stopped. When verapamil was washed out after 4 days, the myocytes started contracting again with the frequency of myocytes cultured in the absence of verapamil (not shown). The myosin isozyme popula- (7) 12.0±+1.8 4 (10)
148±5 Ouabain (10 ,uM) 3 (7) 11.1±_1.7 3 (7) 134±_12 Bay K 8644 (10 ,uM) 3 (6) 12.9±1.3
(7)
129±14 Statistical comparisons were made between myocytes cultured in the absence or presence of the above agents; n, number of experiments with the number of flasks given in parentheses. Culture time (days) 4.
FIGURE 6 . Time course for the increase of myosin V1 induced by 10 nM isoproterenol (in the absence ofprazosin).
The increase in V1 was calculated as the difference for rat heart myocytes cultured in the presence or absence of isoproterenol; three experiments with two flasks were used. Statistical comparisons were carried out using the two-tailed pairedsample t test for arrested myocytes prepared and cultured under identical conditions. *p<0.05.
tion was determined 1, 2, 3, and 4 days after the myocytes were cultured in the presence of isoproterenol and verapamil ( Figure 6 ). Because the proportion of V1 decreased from day 2 to day 4 in myocytes cultured in the absence of isoproterenol, the increase in V1 for myocytes of the same preparation was plotted ( Figure 6 ). After only 2 days, isoproterenol resulted in a significant increase of V1. A higher proportion of V1 was seen also at days 3 and 4, although V1 decreased in the absence of isoproterenol. A comparable increase in V1 was observed when the myocytes were arrested using 50 mM KCl and cultured for 4 days in the presence of 10 nM isoproterenol (not shown). The increase in V1 of arrested myocytes cultured in the presence of 10 nM isoproterenol for 4 days was not significantly different from that observed for contracting myocytes (Figure 7 ). Significant differences between arrested and contracting myocytes were also not observed at 0.1 and 1 ,uM isoproterenol (Figure 7 ). Further evidence that the increase in V1 is not causally linked to a high mechanical activity is provided by the dose-response relation for the contraction velocity. At 10 nM isoproterenol, the contraction velocity was only 34% of the maximum response observed at 10 ,uM isoproterenol (Figure 7) . (o) and spontaneously contracting myocytes (A). The arrested myocytes were cultured for 4 days and the contracting myocytes for 4-5 days; three experiments with two flasks were used in the case of the arrested myocytes. In the case of contracting myocytes, three experiments with two flasks were usedfor 10 nM and 0.1 MM isoproterenol; for 1 pM isoproterenol five experiments with 10flasks were used, and for the control myocytes 14 experiments with 28 flasks were used. For comparison, the dose-response relation for the contraction velocity ofelectrically driven (120-150 contractions/min) myocytes is also given; three tofour experiments with eight to 10 myocytes were usedfor each concentration. Prazosin (10 nM) was added in the case of contracting myocytes cultured in the presence of 1 pM isoproterenol, otherwise it was omitted from the media.
Myosin Populations of Intact Heart
To examine the response of the intact heart to a high adrenergic drive, rats were injected twice daily for 3 weeks with 0.5 mg/kg body wt isoproterenol or 50 mg/kg body wt dobutamine. A higher dose of isoproterenol was not used, because fibrillation occurred; dobutamine had no overt adverse effects. Both drugs resulted in left ventricular hypertrophy of 35-40% (not shown). The duration of chronotropic stimulation was determined by measuring heart rates in the conscious rats. The heart rate was significantly increased for 360 minutes after injection of isoproterenol and for 270 minutes after injection of dobutamine (Table 4 ). In both groups, the increase in the proportion of V1 was 18% (Table 4 ).
Discussion
The MHC expression of rat ventricles responds to the work load of the heart and to various neuroendocrine influences3-5 involving catecholamines also. Isoproterenol at doses of 0.25-0.5 mg/kg body wt Values were determined 1 week after the first isoproterenol or dobutamine injection. In the case of myosin, the statistical comparisons were made between treated and untreated rats; in the case of heart rates, comparisons were made between isoproterenoland dobutamine-treated rats; number of rats was seven in each group. tl2, half-time for decline of heart rate; tdur, duration of increased heart rates (>350±10 beats/min). *p<0.05.
resulted in a shift of the isozyme population in favor of V,; however, quantitative data of isozyme populations were not given.1213 When 5 mg/kg body wt isoproterenol was injected into thyroidectomized rats or thyroidectomized rats with partial replacement of T3, no effect on isozyme population was observed.35
A twice daily 2 mg/kg body wt injection of dobutamine increased V, in normal rats from 96% to 100% and in rats with renovascular hypertension from 69% to 88%.14 In this study, 0.5 mg/kg body wt isoproterenol increased V1 from 48% to 66%; because isoproterenol leads to an increased release of myocardial norepinephrine,36 it is not possible to decide whether isoproterenol acts primarily via 3or a-adrenergic mechanisms. Dobutamine is expected to have a high f1l-selectivity37 at least at 2 mg/kg body wt and thus most probably acts via a /8-adrenergic mechanism. There is also evidence that physiological loads that are associated with an increased adrenergic drive of heart affect myosin expression. The unique effect of swimming exercise on MHC expression can most likely be attributed to the high adrenergic activity during swimming. 15 The increase in the proportion of V1 of normal and pressure-overloaded heart of swim-exercised rats was in the range of 10-25%. 9, 15, 30, 38, 39 Despite the evidence in favor of adrenergic influences on a-MHC expression in intact hearts, the question remained whether catecholamines have a direct effect on the heart muscle cell. Dibutyryl cAMP, norepinephrine, isoproterenol, and phenylephrine were reported to have no effect on mRNA synthesis in fetal rat heart myocytes21; however, thyroid hormones increased the expression of a-MHC mRNA under the same conditions.21 Recently, it was shown that forskolin, cholera toxin, and 8-bromo-cAMP increase the synthesis of a-MHC mRNA in fetal rat heart myocytes.22 In the case of neonatal rat heart myocytes, dibutyryl cAMP also stimulated the a-MHC mRNA synthesis.23 However, norepinephrine in the presence of the a-adrenergic blocking drug terazosin, which is expected to result in a ,B-adrenergic response, did not lead to an increased a-MHC mRNA expression in neonatal rat heart myocytes. 24 The present study provides clear evidence that positive inotropic and chronotropic agents can change MHC expression at the protein level also. Dibutyryl cAMP increased V, to the same extent as did T3; forskolin and isoproterenol had a smaller effect, which could be attributed to desensitization phenomena involving adrenergic receptors or postreceptor mechanisms. 31 The myocytes cultured in the presence of phenylephrine, ouabain, or Bay K 8644 exhibited a smaller increase in V,, indicating that these agents provided a weaker signal compared with forskolin or dibutyryl cAMP. The inconsistent response of MHC expression of cultured myocytes described in the literature21-25 could be attributed to variable culture conditions. When adrenergic agonists had no effect on MHC expression, the myocytes were cultured in synthetic medium after preparation.2' In the study for which an increased a-MHC expression was not found by using norepinephrine in the presence of terazosin, the myocytes were cultured first for 12 hours in a serum-containing medium and then for 3-4 days in a synthetic medium before they were cultured for 2-3 days in a synthetic medium supplemented with norepinephrine. 24 Information on the nature of the cellular signals involved in the altered MHC expression can be derived from the differential influence of the inotropic and chronotropic agents on myosin isozymes and mechanical performance of the myocytes. No significant difference was observed in contraction velocity of myocytes cultured in the presence of dibutyryl cAMP or 2.4 mM Ca2+, although the myocytes differed markedly in a-MHC expression. Because the mechanical response is likely to reflect cytosolic free Ca2+,40 the marked increase in a-MHC content in the case of forskolin or dibutyryl cAMP is not likely to be mediated by Ca2 . It rather appears that cAMP is important for a-MHC expression.22,23 Because phenylephrine, ouabain, or Bay K 8644, which all act via different mechanisms,26 increased V,, it can be concluded that additional signals are likely to operate. Whether Ca2 , metabolic intermediates,7 10""41 or still unknown signals are involved remains to be shown. It is also not known whether separate promoter or enhancer sequences of the DNA exist for these signals or whether a cross talk occurs. 42 A new finding of this study is that the increase in a-MHC expression of myocytes cultured in the presence of isoproterenol is not linked to the high mechanical activity. The increase in V, did not differ significantly in contracting and arrested myocytes.
Furthermore, a maximum increase in V1 was ob-served already at 10 nM isoproterenol, which resulted in only 34% of the maximum increase of contraction velocity. The finding that a-MHC expression was higher in myocytes cultured in the presence of dibutyryl cAMP than in 2.4 mM Ca2 , phenylephrine, ouabain, or Bay K 8644 is further evidence that the increased a-MHC expression is not related to a high mechanical activity.
The determination of the heterodimer V2 provides information on the mechanisms that lead to the altered myosin population. When the synthesis of myosin increases markedly and the newly synthesized MHC differs from the MHC of the original compartment, a smaller proportion of V2 is expected.43 Thus, after induction of hyperthyroidism43,44 or in the neonatal period,44 V2 is small. In accordance, the 1-3day-old rats used for preparation of myocytes exhibited a smaller V2 compared with old rats of the same a-MHC content. The small V2 is maintained during the transition from V3 to Vl in myocytes cultured in the presence of isoproterenol or forskolin, if V3 was greater than approximately 15%; in the case of myosin profiles with a smaller V3, the quantification of V3 and V2 was not unequivocal. It can thus be concluded that the increased V, arises from a compartment of newly synthesized a-MHC, confirming the finding that the a-MHC mRNA increased markedly.22 '23 The observation that the f-MHC mRNA remained unchanged2223 is not at variance with a smaller proportion of V3, because the newly synthesized V, will reduce the percentage value of V3.
The finding that dibutyryl cAMP increased a-MHC to the same extent as did T3 in cell culture was intriguing, because published data12-14would not suggest such a marked effect. Therefore, the maximum influence of the adrenergic system was examined for the intact heart. The effect of isoproterenol and dobutamine administered at high doses was comparable to that seen in heart myocytes cultured for only 4-5 days in the presence of isoproterenol; if the myocytes could be cultured for a longer time, V, is expected to increase even further. However, one has to take into account that a significant adrenergic influence can be demonstrated for myosin of rats kept under regular housing conditions. After ,3adrenergic blockade with propranolol, the isozymes were reported to be redistributed in the direction of V3, although no quantitative data were given16; however, in the case of thyroidectomized rats injected with graded doses of T3, no significant effect was observed for propranolol. 35 In sedentary rats atenolol reduced the proportion of V, from 49% to 30%17 or from 54% to 41%9 and in swimming rats from 83% to 57%.9 Chemical sympathectomy with guanethidine or reserpine also reduced Vl.9 In the case of guanethidine, which did not reduce circulating thyroid hormones, the proportion of V, was reduced from 67% to 43%.9 Starting from a sympathectomized heart, a maximum adrenergic drive would be expected to result in an increase in V1 by approximately 42%. Because ,3-adrenergic receptors are upregulated in the sympathectomized heart,45 the proportion of V, is expected to be even smaller in the sympathectomized heart if an adrenergic influence was absent. Thus, the maximum effect of catecholamines is expected to be still greater, showing that in the intact heart catecholamines have a marked effect that is not at variance with the cell culture data.
